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Abstract 

Interstellar transport is an object of interest in many sci-fi sto- 
ries. In history a lot of sci-fi predictions have turned into real- 
ity, such as communications satellites, deep-sea submarines and 
journies to the moon. In this work we study some physical param- 
eters of a space ship which uses a magnetic umbrella. Our space- 
ship generates a magnetic field in its neighborhood and captures 
charged protons into a magnetic trap. These particles are taken 
into a fusion reactor. The obtained energy and waste in form of 
helium are used as a fuel in an ion engine. With the help of elemen- 
tary physics we can work out the basic physical parameters of the 
ship, e.g. maximal velocity, acceleration of the ship or acceleration 
time period. 

Keywords: Special relativity, magnetic umbrella, interstellar trans- 
port, interstellar travel 

1 Introduction 

Interstellar travel has many unsolved difficulties causing mans dream 
to explore new undiscovered worlds to be far in the future. Problems 
like sources of energy, a shield against micro meteors and engines with 
sufficient and long term traction still havent been solved yet. The mag- 
netic umbrella is trying to solve some of these problems. 

There are a many advantages in using a magnetic umbrella in space 
travel. The main one is that the spacecraft doesn't have to carry its own 
fuel. This can reduce the weight of the spaceship, the requirements 
regarding traction of the engines and therefore initial acceleration can 
be much higher. The next utilization of this system can be as a solar - 
sail or space parachute. The principle of a solar-sail can be used to 
gain initial speed, which is needed for the magnetic umbrella to work. 
On the other hand, when the spaceship arrives at an alien star system, 
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the magnetic umbrella can be used as a parachute which decreases 
entry velocity. 



2 Technical principle of magnetic umbrella 

The principle of the magnetic umbrella is similar to how a magnetic 
field around the earth captures particles of the solar wind. There are 
technical problems how to make a magnetic field with a long range. 
The problem can be solved by new materials with extra properties as 
for example superconductors, which have been developed and studied 
in the last few decades. These super-materials with low mass could use 
low energy to generate a strong magnetic field. The magnetic field will 
catch charged particles moving in the proximity of the umbrella and 
transport them into the ship. The aurora is made in a similar way. At 
the moment of being caught, the particles emit a photon which takes 
away part of the kinetic energy. 

Interstellar space is full of neutral and charged particles. Most of 
them are atoms or ions of Hydrogen and electrons. The density of 
protons (positive ions of the simplest hydrogen) in interstellar space is 
around r/ p = 0, 04 - 0, 07 cm~ 3 [1]. 

The number of captured protons grows with the velocity of the ship. 
On the other side particles apply a resistant force on the ship. Captured 
particles are taken into a fusion reactor where the binding energy is 
transformed into kinetic energy of the particles and the ship. Waste 
products from this reaction are nuclei of the Helium. These nuclei are 
taken into the engines and leave the spacecraft at a high velocity. 

3 Maximal velocity of the spacecraft 

Consider that a spacecraft with mass M moves due to interstellar gas 
with a velocity v. In our calculations we can choose a frame of reference 
connected with the spacecraft. In this case, interstellar gas moves with 
a velocity v due to the ship. 

Lets assume that one of the particles with a rest mass m of ionized 
gas is captured and emits a photon. The laws of conservation of mo- 
mentum and energy say that the momentum and energy of the system 
has to be the same before and after the reaction. For accuracy assume 
that the particle is moving with a relativistic velocity. Kinetic energy 
and momentum of the particle can be expressed as 



Before capture of the particle, the spaceship is at rest; its kinetic energy 
is equal to zero. 

Lets assume that the mass of the spaceship is much larger than the 
mass of the particle. For this reason the kinetic energy and momentum 



E kp = m c 2 (7 - 1) , p p = jm Q v, I/7 =Jl-—. 
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of the ship with the particle after the capture are nonrelativistic 



E, 



kp-\-s 



(m + M) V?, Pp+S = (m + M) Vi 



where V\ is velocity of the ship (with particle) after capture. In our 
calculations energy E f and momentum pf = ^ of the photon is also 
important. 

As we mentioned above energy before and after has to be same 



m c 2 ( 7 -l) = \{m + M)V? + E f , 
jm v = (m + M)V 1 + ^. 



(3.1) 



In fact the first equation is a scalar equation and the second is a vector 
equation. Consider that the terms in the second equation v, V\, — are 
only positive numbers (for simplicity we will use absolute values of \v\). 

In the above-mentioned equations there are two unknowns V\ and 
Ef. It is easy to express the velocity of the ship V\ 



V 1 



2mn 



^ m + M 1 + 
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H 

C 

\v\ 



As we note, this solution is only for v > and V\ > 0. For negative 
values of v this solution must be multiplied by — 1, so that Vi(v) = 
-Vi(-v). ' 

For small term a in the root we can use Taylor expansion: y/l + 2a « 
1 + a, in this spirit we can say that m 2 o "" M w is very small, because 
M > m . Therefore we can write 



m 

' M 



1 



1 



H 



1 + 



M 



(3-2) 



This is the velocity of the ship after the capture of a proton. 

The maximal velocity is reached if the velocity which is lost after 
capturing the proton V\ is equal to the velocity which is obtained from 
the engines V 2 . From this reasoning we can assume that the velocity 
of the rocket after the reaction is again equal to zero. That part of the 
particles rest energy is transformed into kinetic energy in the fusion 
reactor. Therefore in this case we will include rest energy of the particle 
before m and after m' Q the reaction. The difference between (m - m' ) c 2 
is the energy obtained from nuclear fusion. 

The energy and momentum of the rockets before nuclear fusion is 

E p+S = X - (mo + M) Vi + m c 2 , p p+s = (m + M) V 2 . 
The energy and momentum after the reaction is 



7'm c 2 , p p = 7'm'ou', 1/7' 
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If the effectiveness of the process is not 100 percent, part of the energy 
is transformed into thermal energy E t . 

The laws of conservation of momentum and energy can be written 
in the form 

\ (to + M) V 2 + m c 2 = im' Q c 2 + E t , 

(6.6) 

(ra + M) V 2 = im! v'. 

From the second equation the velocity of the particle after the reaction 
v 1 can be expressed as 



TOq+M 



Vo 



(3.4) 



This can be substituted into the first equation (3.1) 



1 (m0 +M)^+TO 0C 2 =TO 0C 2 Wl+f^±^V^f + E > 



And finally velocity V is 

2 



c 



to + M 



E t + Afc 2 -y/(Et + Mc 2 ) 2 - (m Q c 2 - E t f + (to c 2 ) 2 



It can be expected that (E t + Mc 2 ) 2 > (m c 2 - S t ) 2 - (to c 2 ) 2 , Mc 2 > £ t , 
and M > to , therefore we can use Taylor expansion again 



2 _ K 2 -£ t ) -(m' c 2 Y 
V 2 ^ • ( 3 - 5 ) 



The same solution can be obtained if the energy which is released cor- 
responds to all the rest energy of the particle (to c 2 = 0) in the process 
of annihilation. 

If the spacecraft reaches maximal speed, the change of velocity must 
be zero V 2 -Vi = 0. A combination of (3.2) and (3.5) leads to the equation 
of maximal velocity. 



1-M\ W-Btf-W 



then 



\v\ 1 - (1 - a) 



2 



c l + (l-a) 2 ' 



As an example we will assume a proton-proton fusion reaction. A 
nuclear reaction takes the form 4p + 2e~ He + 2v e + 26, TdMeV [2]. 
The rest mass of the proton is 938MeF. The energy of the neutrinos 
and the remaining mass of the electron (0, 51MeV) are negligible due to 
the energy of the reaction. We can say that during a nuclear reaction 
0,7% energy of the proton is released, so then m' Q = 0,993to . Let us 
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assume that heat losses and other energy losses are negligible E t = 0. 
Maximal velocity of the spaceship expressed from (3.6) is v — 0, 125c. 

As we mentioned above maximal velocity of the spaceship is given 
by (3.6). Equation (3.6) will change for annihilation of antiprotons and 
protons into the form 

H = (m aC i) 2 -E? 

c (m c 2 ) 2 + Ef ' 

It is obvious that maximal velocity is limited only by the efficiency of 
the process. 

As well as atoms and ions, interstellar matter contains a small num- 
ber of high energy antiprotons and positrons. These particles are com- 
ponents of cosmic rays. Antiproton/proton ratio is a function of the 
energy of the particles. For higher energies this ratio increases. For 
kinetic energies 1 - lOGeV this ratio is about 1(T 6 - 2 • 1(T 4 [3]. Max- 
imal antiproton flux is about 0, 025(GeVm 2 s sr)^ 1 for kinetic energies 
2 - 3GeV [4]. 

These numbers are too small for effective propulsion of the space- 
ship. For an exact calculation we should know the function of flux as 
a function of energy. 

4 Acceleration of the spacecraft 

RelatMstic acceleration is defined [5] 




where x is the spatial coordinate. Dependence between coordinate time 
t and proper time r is 

dr = 1 dt. 

1 

Every particle will change the velocity of the ship. The change in 
velocity is Ay = V 2 - V\, where V 2 and V\ are given by (3.2) and (3.5). 
The change of the velocity is a function of the actual velocity AV(v). 

The number of particles that the spacecraft can catch N is depen- 
dent on actual velocity v, concentration of the protons rj p and the area 
of the magnetic umbrella S. If the ship is moving at a velocity near to 
the speed of light, concentration of the particles grows with 7. Number 
of particles diV which meet the magnetic field in some small period of 
proper time dr is 

dN = Sdxr/p = r/pvSdt = rjpjvSdr. 

A small change in the velocity is given by changing the velocity for 
one particle multiplied by the number of particles in a period of proper 
time 

dv = dNAV = AVr] p jvSdT. 
By definition, acceleration is 

a = AVSvr/pj 4 . (4.1) 
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This is the acceleration which an observer in the ship would feel. In 
the case of a solar-sail or space parachute the spacecraft can use the 
velocity of the particles for higher acceleration. In this case the change 
of velocity AV in the equation (4.1) is given by AV = V 2 + |Vi|, because 
Vi is oriented in the same direction as V 2 . 

Functions a(v) and j(v) are functions of the velocity of the ship due 
to the interstellar particles (or particles due to the ship). Time period 
of acceleration (proper time measured on board the ship) is dependent 
on the velocity v and can easily be calculated as 



Consider three different examples. 

• In the first case, the ship will use a combination of engines with 
the effect of a solar-sail. This can be used only in the vicinity of 
the star (sun). The velocity of the ship at the start point is zero, 
but due to the solar wind is v = 4 • 10 5 m/s, with density of charged 
protons t] p = 6- 10 6 m -3 (proton density measured by Mariner 2 was 
5,4- 10 6 m- 3 [6]). 

• The second example refers to acceleration beyond the Heliosphere 
region. Density of charged particles in this interstellar region is 
rj p = 6 • 10 4 m -3 . The velocity of the ship (due to interstellar gas) can 
again be taken as v = 4 • 10 5 m/s. Trapped ions will create a force 
against the engines. 

• In the third example we will consider deceleration of ship near the 
target star. The spaceship will use the effect of a space parachute. 
The initial condition of this case will be taken as rj p = 6 • 10 5 m -3 , 
v = 4 • 10 7 m/s. 

As parameters describing the ship will be taken: 

• Area of the magnetic field: S = 10 12 m 2 

• Mass of the ship M = 10 5 kg 

• Mass of the proton m = 1, 67 • 10 -27 kg 

• Efficiency of the fusion 0, 7% [m' = 0, 993m ) 

• Energy lost 0% [E t = 0) 

• Speed of light c = 3 • 10 8 m/s 

Acceleration of the ship is for the first example 1, 4ms -2 , second ex- 
ample 0,014ms -2 , third example 29,5ms -2 . 

From these values it is obvious that the acceleration is strongly de- 
pendent on the actual velocity and density of the protons. A problem 
with the space umbrella is that, at large distances from stars, there is 
a very low density of protons. This problem can be partially solved by 




(4.2) 
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ionization of the neutral hydrogen atoms. The density of interstellar 
hydrogen atoms r)H = (1 — 2) • 10 5 m~ 3 [1] is higher than the density of 
protons. Ionization can be done by a strong magnetic field [7]. Is it a 
question if, in the future, man will be able to make such a large and 
intensive magnetic field for space travel. 

Acceleration as a function of velocity is plotted in Figure 1 . Flight 
duration as a function of velocity is plotted in Figure 2. Initial con- 
ditions are: Density of the protons r/ p = 6 • 10 4 m -3 and initial velocity 
v Q = A ■ 10 5 rn/s (only for figure 2). 




Figure 1: Acceleration (a) as Figure 2: Time of acceleration 

function of velocity (v). (At) as function of velocity (v). 

From fig. 1 we can see that maximal acceleration will be around 
0, 3m/s 2 for v = 6%c and maximal velocity is around 13%c. The ship can 
be accelerated close to maximal velocity after 7 years of flight (see fig. 2). 

With this maximal velocity it can take approximately 35 years to 
travel to the Centauri system. Acceleration (to the speed of the solar 
wind) near the sun (because of the high density of protons and help- 
ful force from the solar wind) will take only several weeks. The whole 
voyage can take 40 — 50 years. 



5 Standard fusion drive 

In this section we will calculate the mass of hydrogen fuel required to 
achieve maximal velocity V max = 0, 125c and then decelerate to zero. The 
equation describing the required mass of fuel of a relativistic rocket was 
found in [8] 

M = M ° f | + vS! l > ( 5j ) 

where M is the initial mass (at the time when V = 0) of the rocket and 
M is the finite mass (at the time when V = V max ). As we derived before 
(from equations (3.4)) velocity v' of the particles leaving rocket engines 

, WaC , (5.2) 
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where velocity V 2 is given by (3.5). Combination equations (3.5) and 
(5.2) gives 

J (m c 2 - E t f - (™[,c 2 ) 2 

v « 1 . (5.3) 

(m c- -^) 

For £■( = we can use the equation (5.3) written in the simple form 




As was said before, the efficiency of the fusion reaction is = 0, 993. 

J mo 1 

From the above values the proportion of weight necessary to reach 
0, 125c is equal to M /M = 2,90. In this case the proportion of weight 
needed for acceleration and deceleration together is Mq/M = (M /M) 2 = 
8, 40. This proportion is relatively small in comparison with the propor- 
tion of rocket fuel/payload of conventional spacecraft needed to reach 
low earth orbit. 



6 Conclusion 

In this article we have studied the applicability of a magnetic umbrella 
in interstellar transport. Magnetic umbrellas work as a trap for charged 
particles. In the nuclear fusion reactor nuclear energy is utilized to 
speed up the ship. We expressed equations describing maximal velocity 
and acceleration of the spaceship and time period of the acceleration. 
From our results it is obvious that the effect of our system is strongly 
dependent on the density of protons and the actual velocity of incoming 
particles. The density is much higher in the vicinity of a star than in 
interstellar regions. On the other hand, maximal velocity is indepen- 
dent of density of protons, but strongly dependent on the efficiency or 
on the manner of obtaining the energy. 

We calculated concrete examples of using a magnetic umbrella. From 
our calculations it is obvious that the efficiency of the process is very 
good and usable for the initial acceleration and finite deceleration near 
a star. Calculations show that the use of a magnetic umbrella is effec- 
tive if its weight is comparable with mass of the payload and engines. 
In the case of the weight of the magnetic umbrella exceeding 8-9 times 
the weight of the payload, greater efficiency is obtained through the use 
of a standard fuel tank with hydrogen. 

In this article all calculations with numbers are only rough estima- 
tions. For more exact calculations we need to know the exact values 
of density of the solar wind and density of the protons as a function of 
distance from the sun and target star. 

Despite this inaccuracy we proved that a space journey between two 
stars (sun and Centauri system) using a magnetic umbrella would take 
a time period of 40 - 50 years and is realizable for a highly developed 
civilization. 
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